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First-order many-body theory was modified to include correlation effects in the target description
and used to calculate differential cross sections, coherence, and correlation parameters for the
electron-impact excitation of the 3 'P and 3 'P states of magnesium at incident energies of 20, 30, 40,
50, and 100 eV. The results are analyzed and compared with available theoretical and experimental
results.
I. INTRODUCTION
The study of collision processes involving the Mg atom
is of interest to several fields of research, including astro-
physics' and fundamental collision physics. Among the
commonly observed phenomena are those involving in-
elastic electron scattering by the Mg atom. Early experi-
ments on e-Mg inelastic scattering reported results
from measurements for excitation functions or absolute
integral cross sections for the 3 'P~3 'S resonance line
(2852) A). Previous theoretical work dealt mainly with
the computation of multipole strengths ' for the reso-
nance line and for the next few lines. These calculations
showed that correlation effects among valence electrons
are important for an accurate description of the ground
state and some excited states of the atom. As shown by
Kim and Bagus, ' these effects can be appropriately tak-
en into account even if one uses a small number of
configurations by performing a multiconfigurational
Hartree-Fock (MCHF) calculation.
Integral cross sections for inelastic scattering of elec-
trons off magnesium atoms were reported for the
3 'S~3 'P transition by Robb, "Van Blerkom, ' and Fa-
brikant. ' Robb used the first-order Born approximation
(FBA), and Van Blerkom and Fabrikant both used the
close-coupling (CC) approximation. Both CC calcula-
tions introduced semiempirical potentials in order to sim-
plify the configuration-interaction (CI) calculation of the
bound-state wave functions, which could be a possible
cause for the substantial disagreement found among
them. The FBA and CC results were obtained for
different ranges of the incident electron energies, but a
later experiment' showed that the FBA integrated cross
sections (ICS's) are higher than the observed ones. The
above calculations showed that e-Mg scattering can be
well described within the LS-coupling scheme.
Absolute elastic and several inelastic differential cross
sections (DCS's) were measured by Williams and Traj-
mar' and, more recently, by Teubner and co-workers. '
They used the technique of energy-loss spectroscopy from
the collision of crossed beams of magnesium and elec-
trons with 10-, 20-, and 40-eV impact energies. In a
second paper, Fabrikant' returned to the e-Mg problem
to calculate elastic and 3'S~3'P inelastic DCS's for
electron-impact energies of 10 and 20 eV in a similar way
to what he did before for the ICS's. More recently,
Avdonin and Amusia' used a many-body technique to
calculate inelastic DCS's and the corresponding ICS's for
the 3'S~3'P and 3'S~3 P transitions, for electron-
impact energies of 10, 20, and 40 eV. In this latter paper
correlation effects among the target electrons were par-
tially introduced through the random-phase approxima-
tion with exchange (RPAE), calculated in a simplified
way. For the description of the scattering electrons, a
single-particle Hartree-Fock model was used, where the
incoming (scattered) electron wave function was calculat-
ed in the frozen-core potential of the ground (excited)
state of the neutral atom. This procedure is known' to
be equivalent to taking into account, besides the first-
order diagram in the scattering electron-atom interac-
tion, an infinite sequence of selected higher-order dia-
grams. Avdonin and Amusia's values of DCS's are gen-
erally in good agreement with the experimental results of
Williams and Trajmar' and compare better with the ex-
perimental results than Fabrikant's corresponding values.
However, it appears to us that the partial wave expansion
in Avdonin and Amusia's calculation did not converge
for the 'P excitation, as it can be inferred from some of
their results which will be discussed later. Recently re-
sults from two close-coupling calculations for the 3 ' P of
Mg were reported by McCarthy and co-workers. ' These
calculations are in good agreement with Brunger's experi-
mental data, ' except for large scattering angles and
higher energies.
In the last 15 years, there has been an increasing in-
terest in a new set of collision parameters, namely, the
alignment and orientation parameters, which can be mea-
sured in electron-photon coincidence experiments. In
these experiments, the scattered electron is detected in
delayed coincidence with the photon emitted in the atom-
ic deexcitation process. The first such measurements
were done by Eminyan et al. ' for the 1 'S~2 'P excita-
tion of helium. Since then, several other experimental
groups performed coincidence experiments for He as well
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as for other atomic systems. These experiments were the
subject of a review article by Andersen, Gallagher, and
Hertel. However, only recently have experimental data
been published for the coherence parameters of the elec-
tron excitation of magnesium. '
The present paper refers to the application of the first-
order many-body theory (FOMBT), as originally formu-
lated by Csanak, Taylor, and Yaris for inelastic
electron-atom scattering, to the e-Mg system. Previous
applications of FOMBT to the inelastic scattering of elec-
trons by the rare gases such as He, Ne, Ar,
and Kr (Ref. 30) showed that the theory provides a feasi-
ble way of performing accurate mell-converged calcula-
tions for ICS and DCS, as well as for the alignment and
orientation parameters.
We report here results from a FOMBT calculation for
the DCS's and of the alignment and orientation parame-
ters for both 3'S~3'P and 3'S~3 P transitions of
magnesium for incident electron energies of 10, 20, 40,
50, and 100 eV. Since this is the first application of
FOMBT to a target which is not a rare gas, we also inves-
tigated the inAuence of the target ground state correla-
tion on the collision parameters.
In Sec. II, we present a brief review of the original for-
mulation of the FOMBT along with a discussion on how
target state correlation effects are introduced into the
present calculation. In Sec. III we discuss some details of
the numerical calculation, and in Sec. IV we present the
results we obtained for the collision parameters compar-
ing them with both experimental data and theoretical re-
sults available in the literature. We shall suggest possible
refinements and extensions of the present work and
present our conclusions in Sec. V.
II. THEORY
A. The FOMBT
The FOMBT in its original formulation is a nonrela-
tivistic theory that belongs to the general class of
distorted-wave approximations (DWA). The T matrix
for the excitation of a neutral atom by electron impact is
given by
T„,= f dx&dxz[f' '(x&)]*f'+'(xz)V„,(x„xz) (1)
where x, refers to both spatial r, and spin e; electron
coordinates, p (q) refers to both the momentum p (q)
and the spin component m, (m, ) of the incident (scat-
1 2
tered) electron, and fk '(x ) are the Hart—ree-Fock contin-
uum orbitals with outgoing (+}and incoming ( —) bound-
ary conditions. The indices o and n stand for the quan-
tum numbers of the initial (ground} and final (excited)
states of the target, respectively. The transition potential
V„,(x, , x z ) is given by
X P0(x,xz, . . . , x~ )dxz, . . . , dx~ (4)
where N refers to the number of electrons in the target.
In the case of a LS coupled target in a 'S ground state
described by a single Slater determinant (i.e., uncorrelat-
ed ground state) the spatial part of the transition density
matrix in the Hartree-Fock (HF) model reduces to '
X„""(r,') =y, (r)y„'(r')
where y„(r)[y, (r)] is the particle [hole] Hartree-Fock
orbital for the active electron in the excited [ground]
state of the atom. The differential cross section is given
by the formula
Iql 1
4 z I 2 ~ nqopm, m
sl $2
(6)
After performing spin summations implicit in Eqs. (1)
and (6},we get for the '8 ~' P transitions
o (O, M)= 8~' Ip
o '(O, M)= q Ir„'.(O, M)I'8~' I pl
(6a)
where 0 is the scattering angle and M =0,+1 refers to the
magnetic sublevel of the excited ' P states. The incident
momentum p was taken in the z-axis direction which was
chosen as the quantization direction. The direct and ex-





The electron-photon coincidence parameters A, and g for
the 'S~ 'P transitions are defined by the equations
where X„" (x„xz)is the transition density matrix be-
tween ground and excited states calculated in the
random phase approximation (RPA). The transition den-
sity matrix is defined by the formula
X„(x,x')= (qr„IQ (x')f(x )Iq'0)
where I+0) and Iqf„)are the ground- and excited-state
wave vectors of the target, respectively, and g(x ), g (x )
are the electron field operators in the Schrodinger repre-
sentation. The transition density matrix can also be
given in terms of the wave functions of the ground
'PD(x „xz, . . . , x& ) and excited 'P „(x„xz, ,x v ) states in
the form
X„(x,x')=N J 4„*(x,xz, . . . , x~)
dx Xa'~(x„x)„.(, , )= (,—,)I rl r~





o (O, M=0)+2o (O, M=1)
lp lpX(O}=argT„,(O, M=1) argT„,(O, M=D) . —
(8a)
(8b)
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Recently it was found that an alternative set of parame-
ters, named (L~ ) and y, can be used with certain advan-
tages to interpret electron-atom coincidence experiments
leading to LS-coupled excited states. Here (L~) is the
average angular momentum, perpendicular to the scatter-
ing plane, transferred to the motion of atomic electrons
and y is the final state alignment angle of the charge
cloud of the target electrons relative to the direction of
the incident electron beam. The relation of these new pa-
rameters to the previous k and y parameters is discussed
in the review article by Anderson, Gallagher, and Her-
tel and is as follows:
(L~ ) = P& =—2[A,(1—A, )]' sing,
y = —,'arg(P ~ +iP2 )
(8c)
(8d)
where the Stokes paraineters P~ and P2 are related to A,
and y by the equations P, = 2A, —1, P2= —2[A.(1—A, )]'~ cosX. The degree of linear polariza-
tion P& is defined by the equation P& =(P i +P2 )'
B. Application to the Mg target
l'P0) =a
&
l(core)3s 'S ) +a2l(core)3p 'S ), (9)
and (ii) a single-configurational excited-state wave func-
In previous applications of FOMBT to electron col-
lisions with atoms, the targets were rare gases for which
electron correlation effects in the ground state were
neglected. In those calculations (3) was simplified by tak-
ing X„(r,r')=p, (r)sp„'(r') where y, (r) was obtained
self-consistently and sp„(r)was obtained in the field of the
frozen-core HF (FCHF} potential of the ion, the so-called
V ' potential. This way of calculating sp„(r ) is
known' to take into account a class of RPA diagrams.
In the case of the He target this approximation of
X„(r,r') produced difi'erences in the DCS's of less than
8% when compared with the first and "exact" FOMBT
calculation by Thomas and co-workers. ' This approx-
imation assumes, in effect, an uncorrelated ground state.
For the description of the ground and excited states of
the Mg atom, however, electron correlation effects in the
ground state are important ' and can be accounted for
by using multiconfigurational wave functions. ' One ex-
pects that the proper inclusion of electron correlation in
FOMBT should require scattering orbitals calculated in
the field of the correlated ground state ' as well as
X„(r,r') calculated in the multiconfigurational RPA
(MCRPA) as proposed, for example, by Yeager and Jor-
gensen and Dalgaard. Unfortunately, such a complete
calculation becomes too lengthy and complex. In order
to simplify the calculations, we could use Eq. (4) with
multiconfigurational wave functions for 4', and 4„.This
corresponds to the level of approximation we previously
have used for the uncor related rare gases calcula-
tions, where XR was substituted by XP [Eq. (5)].
As a first attempt, we actually introduce correlation only
in the calculation of the transition potential V,„,Eq. (2),
via (i) a multiconfigurational (MC) wave function for the
ground state in the form
tion in the form
I+„)= l(core)3s3p "P ) (10)
a
X„(r,r')=a, ys, (r)spi (r'}+ (3pl3p)sps (r)yi, (r') .
Each term in (11) has the same form as the simplifiedX„"of Eq. (5), except for a factor proportional to the
overlap integral between equivalent electron orbitals
which turns up to be not equal to 1 when we use different
3p orbitals in (9) and (10). So, the substitution of (11), (4),
and (2) in (1) produces the T matrix as a linear combina-
tion of two terms each of the form (5), and the formulas
for the cross sections, Eqs. (6), (6a), and (6b) then remain
valid with T and T in place of T„,and T„„respec-
tively, the new direct and exchange parts of the T matrix
being given by
a2TD, E a PD, E + (3Pl3p)7. D, E3P, 3 s i/3 3s, 3P (12)
Note that a, =1 and a2=0 in (9) result in the simplified
LS coupled FOMBT T matrix used in the He calcula-
tion. Inclusion of additional configurations mixing in
ground and/or excited state would bring nothing
significantly new in the formalism but a great deal more
of computational work.
III. DETAILS OF THE CALCULATION
A. The target wave functions
We wanted to keep in the model the partial account of
higher-order RPA diagrams given by the V ' potential
as mentioned above. This requirement specified our ex-
cited electron orbital sp3 in (9). We used the optical os-
cillator strength (OS) for the 3 'S~3 'P transition as a
criterium to select from among the various possible ways
of calculating l+0). For comparison we show in Table I
values for the OS of that transition collected in the litera-
ture from several authors. The list is not complete and
all values there refer to the length form of the OS. We
can see that in order to achieve good OS values, CI pro-
cedures followed by Zare, Robb, " and Norcross re-
quire the inclusion of a large number of configurations in
the description of both ground and excited states. For
numerical reasons we would like to avoid this. On the
other hand, Kim and Bagus' obtained a reasonably good
where the one-electron orbital y3p is calculated in the
frozen-core HF potential constructed from the core + 3s
electron orbitals. It is known that Eq. (9) keeps the most
essential contributions to the ground-state description (a
similar choice was made by Kim and Bagus' and Avdo-
nin and Amusia' ). The core orbitals sp&„spz„andsp& in
(9) and (10) were those of the single-configuration
l(core}3s 'S) HF description of the Mg atomic ground
state.
Inserting (9) and (10) in (4) we get for the spatial part of
the transition density matrix the formula
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TABLE II. Present results for differential cross sections (in cm ) for the 3 'S~3 'P transition of Mg, single configuration calcula-
tion. [—y] denotes X10 r.
0
(deg) E=20 eV
o.(O, E) (cm /sr)






































































































































cident energies of 10, 20, 30, 40, 50, and 100 eV. Tables
IV and V show our SC results for the g and A. parame-
ters, respectively, for the 3 'S~3 'P transition and ener-
gies of 10, 20, 30, 40, 50, and 100 eV.
The cross sections. In the top of Figs. 2 and 3 we
present our theoretical SC and DC results for the DCS at
E, = 10, 20, and 40 eV along with the experimental results
of Brunger and co-workers and the ones of Williams and
Trajmar' for the 3 'P and 3 P excitations. For E; =30,
50, and 100 eV there is no experimental or other theoreti-
cal data to compare with. For reference, we include in
these cases the FBA cross sections.
We observe in these figures that the structures of the
DC curves are essentially the same as the corresponding
SC ones. For the 3 'P case at all energies the inclusion of
the (3p) configuration produced a better overall qualita-
tive result, leading to a better description of the first
minimum intensity at intermediate scattering angles.
Equation (12) shows that since y&, and q&3, are not too
different (and a, =0.96) the first term gives a contribu-
tion to the DC DCS which is about 10% less than the SC
DCS. In fact, the second term of Eq. (12) was the one
TABLE III. Same as Table II, except for the 3 'S ~3 'P transition. [ —y] denotes X 10
0
(deg) E=10 eV E=20 eV
0 ( e, E ) (cm'/sr )
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TABLE IV. SC results for the g parameter for the 3 'S~3 'P transition of Mg.
Angle
(deg) 10 eV 20 eV
g parameter (rad)
























































































































that reinforced the structure of maxima and minima of
the DCS, the Anal result being that the DCS curves were
lowered for the 20 and 40 eV, and the minima showed up
more clearly. We can see also in Figs. 2(a), 2(b), and 2(d)
that ground-state correlation becomes less important
with increasing energies for the 1P case, but the same is
not true for the P case shown in Figs. 3(a), 3(b), and 3(d).
Comparing the SC and DC DCS's with the experimen-
tal data, we can see that the frontal peak of intensity,
characteristic of optically allowed transitions, is well
reproduced by the FOMBT, although it resulted in both
cases a bit overestimated at E; =10 and 20 eV. This can
be explained by the fact that Mg has a polarizability of
a, =75.0 (Ref. 40) and probably at lower energies the
continuum electron is slow enough to feel the long-range
polarization potential of the target. Nevertheless, this
effect is no more felt at E, =40 eV and above. The
theoretical results of Avdonin and Amusia' shown in
their Fig. 2 do not present this peak in the forward direc-
tion. They report the inclusion of at most six partial
waves in their calculation and speculate that this may be
the cause of the failing of the theory at small angles. We
have calculated the DCS for E, =40 eV including only
the first six distorted partial waves and obtained a for-
ward differential cross section e(9=0') two orders of
magnitude smaller than the full calculation. This shows
that Avdonin and Amusia's assumption was right and
once more evidences the need for the inclusion of a large
number of terms in the direct T-matrix summation.
At intermediate scattering angles the DC curves show
structures in excellent qualitative agreement with the re-
cent measurements of Brunger and co-workers. ' Quanti-
TABLE V. SC results for the A, parameter for the 3 'S~3 'P transition of Mg.
Angle
(deg) 10 eV 20 eV
A, parameter
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tative deviations (by a factor of -4 at 10 eV and of -7 at
40 eV} are observed when one compares the present DC
curves to the experimental data at intermediate scattering
angles. Similar behavior, although showing smaller
quantitative deviations, is observed in the more elaborat-
ed five-state CC calculation by McCarthy and Mitroy. '
Such deviations can be partially accounted for by the fact
that we have calculated the continuum wave functions in
the field of the uncorrelated ground state of the atom.
For the 3 'P state and small scattering angles, this is a
reasonable procedure, because the calculation of the cross
section in this region is dominated by the direct part of
the T matrix. For a good description of the latter an
infinite number of partial waves has to be considered. In
this case the low-l partial wave components, for which
distortion does matter, do not significantly contribute to
the final result. However, for intermediate angles in the
'P excitation, where the direct and exchange parts of the
T matrix become competitive, and for all angles in the P
excitation, which is a pure exchange process, the T ma-
trix is dominated by the low-I distorted partial waves and
therefore the use of the correct first-order distortion po-
tential certainly will make a difference. Previous
FOMBT DCS's calculated for the rare gases, for
which electron correlation in the ground state is not im-
portant show also some discrepancies when compared to
experimental results at large angles (8& 120') for 'P tran-
sitions. For the P transitions the Mg FOMBT DCS's are
nearly of the same quality as those obtained for the rare
gases and are in good agreement with recently published
30 60 90 )2Q )5Q 0 30 Q) 90 )20 )50 0 50 60 90 )20 )50 I80
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FIG. 2. DCS, (L, ), y, and P& for the 3'S~3 'P transition of Mg. (a) E =10 eV; (h) E =20 eV; (c) E=30 eV; (d) E =40 eV; (e)
E =50 eV; (f) E= 100 eV. , present results, SC; ———,present results, DC; o, experimental results (Ref. 14); , experimental
results (Ref. 21); 0, experimental results of Williams and Trajmar (Ref. 13); —.—- —-, first Born approximation.
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experimental results. ' All this leads to the conclusion
that, as far as the DCS calculation is concerned, the in-
clusion of additional configurations in the description of
the target states may be of less importance than the in-
clusion of the several second order effects. Even the
~3s3p ) configuration (that appears in the description of
the 3 'P excited state with a mixing coefficient a =0.219,
see Table II of Kim and Bagus' ) will give a small quanti-
tative contribution to the DCS, because its Anal contribu-
tion will come out multiplied by a factor of =0.06.
The coherence and cor relation parameters. The
analysis of our results for the coherence and correlation
parameters is severely limited by the lack of experimental
or other theoretical results to compare with. The very re-
cent results of Brunger et a/. ' for the A, and cosy parame-
ters are, to our knowledge, the only experimental results
for the excitation of the 3 'P level of Mg. On the theoret-
ical side there is a recent publication by Mitroy and
McCarthy' that gives the Stokes parameters for the
same transition at 20 and 40 eV. At the present time,
there are no available results for the 3 P level. In Figs. 2
and 3 we show our results for the (Li) and y parame-
ters, along with the corresponding values extracted from
the experiment. ' For every case where both SC and DC
calculations were done, we can observe that inclusion of
target correlation does not alter the general structure of
the curves. For both parameters the use of the correlated
DC wave function for the target led to only slightly
different maxima and minima angular positions, but the
peak intensities are affected up to a factor of 1.8. It is in-
teresting to note that the isolated discontinuity of the
alignment angle y present in certain energies is smoothed
out in the DC calculation at E =10 and 40 eV in the opti-
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recall that the y parameter is defined modulo m.
In all cases where experimental results are available
[Figs. 2(b) and 2(d)], agreement is observed between
theory and experiment. Our DC values for (L~) are
closer to the experimental results than the corresponding
values from the SC calculation. For the y parameter,
contrarily, our SC values are closer to the experimental
ones. In fact, the present results for (L~), y, and P,
compare with Brunger's experimental data as well as the
more elaborate CC results. '
The results for the DCS, (L~ ), and y parameters for
both 3 'S~3 'P and 3 'S~3 P transitions can be direct-
ly compared to the corresponding results for the
1 'S —+2 'P and 1 'S~2 P excitations of He, by using ap-
propriate energy ratios. ' In fact, for the 3'S~3'P
transition of Mg, several characteristic features present in
the corresponding transition of He can be observed. We
can observe, for example, that (L~) has only one zero
(occurring at 8=125') for low incident energy (E, =10
eV) and two or more zeros for higher incident energies.
This behavior is also observed in He, when one compares
the corresponding curves at incident energies of 50 and
100 eV or higher. Also, it can be observed in Figs.
2(a)—2(f} that the angular position of the first zero of
(L~ ) goes to smaller angles for increasing incident ener-
gies, as observed in the He cases. Besides that, as in the
He case, more and more oscillations in the (L~ ) curves
can be seen as the incident energy goes up. This is due to
interference effect as discused by Madison, Csanak, and
Cartwright for the He case. The larger number of oscil-
lations in the Mg target is probably due to the fact that
here a larger number of phases are different from zero
and thus a more complex interference pattern arises. One
should note, however, that for the triplet transitions no
regular similarities can be found between the He and Mg
cases.
It is well established now that (Lj ) is positive for
small scattering angles for the rare gases, where the ini-
tial state is an s 'S or a p 'S state and the excited state is
an sp 'P or a p's 'P state, respectively. The first term of
0 30 60 90 l20 150 0 30 60 90 l20 ISO 0 30 60 90 l20 I50 l80
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FIG. 3. Same as Fig. 2 for the 3 'S~3 'P transition of Mg.
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the T matrix in Eq. (12) is identical, from the angular-
momentum-analysis point of view, to the helium T matrix
and, as expected, the signal behavior of sing in the SC
calculation is similar to the one obtained previously for
He. The second term, however, is not the same as the T
matrix for the heavier rare gases (Ar, for example). This
second term involves the coupling of one p electron and
one s electron and for heavy rare gases the coupling in-
volves the electron configuration p s or, equivalently, the
coupling of one p hole and one s electron. This means
that the excitation of an atom from an initial previously
prepared p 'S state to a final ps 'P state would produce
negative values for the average transferred angular
momentum ( L~ ) at small scattering angles.
As a final observation, we can mention the existing re-
lationship for the singlet transition of Mg, between the
maxima and minima of the DCS and the zeros of the y
and (L~) parameters, respectively. In fact, observation
of Fig. 2 shows that for the 3 'S~3 'P transition of Mg
the angular positions of the first minimum of the DCS
and of the first zero of (L~ ) are nearly coincident. The
same observation can be made for the positions of the lo-
cal maximum occurring in the DCS curves (except at
E, =10 eV) and of the zeros in the y parameter. These
relations are similar to those observed in Kessler effect.
However, the explanation for such relations cannot be
given in terms of spin-orbit interaction, which is negligi-
ble in our case and was not included in the calculation.
V. CONCLUSIONS
In this work we presented a FOMBT calculation for
the DCS and alignment and orientation parameters for
the 3 'S~3 'P and 3 'S~3 P excitation of the Mg atom.
The ground state of the target was described by either
single-configurational Hartree-Fock (SCHF) or MCHF
approximations, and we compared these two approaches
in order to get an insight on the relative importance of
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the target electron correlation. We have found that, in
general, this correlation affects only slightly the calculat-
ed absolute values of the DCS. However, the MCHF cal-
culation in most cases leads to a better defined structure
of maxima and minima in the DCS curves. From the
comparison among present and previous FOMBT results
for the rare gases, we conclude that in order to improve
quantitatively the cross-section results for intermediate
and large scattering angles, we should possibly first con-
sider the scattering orbitals in the field of correlated tar-
get, ' and second include higher-order terms in the
many-body expansion of the two-particle effective poten-
tial. In respect to the alignment and orientation param-
eters, the lack of experimental results drastically reduces
the possibility of comparison. However, for sma11
scattering angles, the data from Brunger ' for both the
( L~ ) and y parameters are fairly reproduced by our cal-
culation.
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